to fish oil for supplementing pig diets. However, the majority of studies in pigs to date have focused on α-linolenic acid (C18:3n-3)-rich vegetable sources such as flaxseed, linseed, rapeseed and soya bean. Although these sources have been shown to enrich pork with C18:3n-3, and thus reduce the n-6:n-3 ratio in meat, they are relatively ineffective in achieving DHA enrichment (Palmquist, 2009) , and humans are virtually unable to synthesize DHA from C18:3n-3 (Plourde & Cunnane, 2007) . Monogastrics are known to have tissue fatty acid profiles that closely reflect the fatty acid profiles of their diets (Dugan et al., 2015; Wood et al., 2008) . As certain marine microalgae are rich in DHA and are at the base of the aquatic food chain, a limited number of studies have examined the effectiveness of microalgae sources as supplements to achieve pork DHA enrichment (Sardi, Martelli, Lambertini, Parisini, & Mordenti, 2006; Sárraga et al., 2007; Vossen, Raes, Van Mullem, & De Smet, 2017) . Although the results from these studies are promising, additional studies are needed to further examine feeding rates (Palmquist, 2009) . Research interest in microalgae as a feed supplement is further fuelled by projections that neither fish nor vegetable oil n-3 FA sources alone will be sufficient to close the DHA nutrition gap in the future (Salem & Eggersdorfer, 2015) .
The aim of the current research was to evaluate the effects of feeding an unextracted DHA-rich microalgae, Aurantiochytrium limacinum (AURA), supplement to female and castrated male growing-finishing pigs on animal performance, carcass traits and pork DHA enrichment.
| MATERIAL S AND ME THODS

| Animals, experimental design and diets
The research protocol and animal care were in accordance with Two experiments were conducted using the same design. For each experiment, 144 Hypor pigs were randomly selected and blocked by sex (72 females, 72 castrated males). Initial mean weights were 27.9 ± 2.5 and 24.1 ± 2.6 kg for experiments 1 and 2 respectively. Within each experiment, pigs were evenly distributed to 24 pens (six pigs per pen). Pens were randomly allocated to one of three dietary groups, each having eight replicates (i.e., four pens of castrated males, four pens of females). The dietary groups included one untreated control and two treatments corresponding to two inclusion levels (0.25% or 0.5%) of DHA-rich microalgae (AURA). Pens were contained in environmentally controlled growing-finishing rooms equipped with forced air ventilation. Each pen was equipped with one stainless steel feeder and access to an internal water system. Feed and water were provided ad libitum. Study durations were 125 days each including 4 days of adaptation, where all animals were fed control feed, 112 days of treatment with the experimental diets and 9 days post-treatment until slaughter with continuous feeding of their respective dietary treatment.
TA B L E 1 Ingredient composition of experimental diets
The ingredients of the experimental diets are presented in (1957) , after which they were converted to fatty acid esters and analysed using the method of Bannon, Craske, and Hilliker (1985) . The FA content of the experimental diets is provided in Table S1 .
| Performance
Performance parameters included live weight (LW), average daily gain (ADG), average daily feed intake (ADFI), average daily water intake (ADWI) and feed: gain ratio (F:G). Animals were weighed on days, 0, 28, 56, 84 and 112. ADFI and ADWI were measured every 28 days throughout the treatment period.
| Carcass measurements
At the end of the treatment period (day 121), three pigs per pen were slaughtered by electrical stunning followed by exsanguination, Heart, Piacenza, Italy). Samples were thawed, ground and homogenized for subsequent fatty acid profile analysis. Lipids were extracted from the samples using the Folch method (1957), and extracted fats were converted to fatty acid esters and analysed (Bannon et al., 1985) . The fatty acid profiles included short-chain fatty acids (C4.0 through C8.0), medium-chain fatty acids (C10.0 through C15.1), long-chain fatty acids (C16.0 through C22:6n-3) and very long-chain fatty acid (C24:0 and C24:1). The n-3 FA composition was calculated as the ∑ [α-linolenic acid (C18:3n-3) + cis-11,14,17-eicosatrienoic acid (C20:3n-3) + EPA (C20:5n-3) + DHA (C22:6n-3)].
The omega-6 fatty acid composition was calculated as the ∑ [linolelaidic acid (C18:2n-6trans) + linoleic acid (C18:2n-6cis) + γ-linolenic acid (C18:3n-6) + cis-8,11,14-eicosatrienoic acid (C20:3n-6) + arachidonic acid (C20:4n-6)].
| Statistical analysis
Data from the two studies were combined to form a single data set with an additional "study" variable added to indicate the source of each observation. A repeated-measures analysis using a mixed model (PROC MIXED in SAS [release 9.3]) was performed for each performance parameter. Pen was the experimental unit, and the level of significance was defined at p < .1 for carcass characteristics and p < .05 for performance characteristics. The repeatedmeasures mixed models were subjected to two covariance structures: compound symmetry and autoregressive. Application of the Akaike information criterion (AIC) was used to determine the covariance structure, giving preference to the model with a smaller AIC. Treatment means were compared using the TukeyKramer method; the level of significance was defined at p < .05.
Carcass data from 144 pigs (72 per study) were pooled prior to analysis of variance (ANOVA) using PROC GLM in SAS employing TA B L E 3 Fatty acid composition (g/100 g dry matter biomass) of the unextracted Aurantiochytrium limacinum biomass used to supplement the experimental diets the following model:
variable, μ is the overall mean, T i is the treatment effect and ϵ ij is the residual error.
| RE SULTS
| Fatty acid content of Aurantiochytrium limacinum biomass and experimental diets
The test article, AURA, used in the studies primarily consisted of 68.6 g crude fat/100 g DM biomass and was composed of a significant level of palmitic acid and DHA (Table 3 ). The concentration of EPA was low at 0.17 g/100 g DM biomass. Additionally, AURA contained 11.4% crude protein, 4.0% ash and 2.0% moisture.
| Animal performance and carcass traits
No difference in weight was observed between the treatment groups at the beginning of the trial (Table 4) . Supplementation with AURA did not affect the various performance parameters measured, with no difference between the groups detected in terms of weight at the end of the trial, in addition to no difference in ADG, ADFR and ADWI (data not shown) or feed:gain ratio observed over the course of the experiment (Table 4) . Treatment also had no effect on the carcass traits of the animals (Table 5 ). Female and castrated male pigs differed significantly in terms of LL thickness (p = .001) and lean meat percentage (p = .012), with female pigs having higher values in both cases (Table 5 ). The lean meat difference between sexes is further described by SEUROP carcass classification (Table S2 ).
| Longissimus lumborum fatty acid profile
When the data for female and castrated male pigs were analysed together, a significant effect of sex was observed (p < .05) for six of the fatty acids analysed (C10:0, C16:1, C20:0, C20:1, C22:1 n9, C22:6 n3). As such, the data for female and castrated male pigs were then analysed separately. The fatty acid profile of the LL, for the female and castrated male pigs is shown in Table 6 . In terms of DHA, the overall analysis indicated a sex effect. Both sexes responded to AURA supplementation in a dose-dependent fashion with higher levels of DHA detected in the LL at the higher inclusion levels. However, for the groups supplemented with 0.5% AURA, the sexes were found to differ significantly in terms of the level of LL enrichment, with the LL of castrated males enriched to a higher degree than females at 28.12 and 24.01 mg DHA/100 g respectively. For EPA, the sexes responded similarly to treatment, with the level of LL enrichment increasing in a dose-dependent manner (Table 6) .
Treatment had an effect on the level of C18:3n6 detected in female LL with both treatment groups having significantly lower amounts than the control. This pattern, however, was not observed for the castrated male pigs. For castrated male pigs, the level of TA B L E 4 Effect of microalgae supplement rich in docosahexaenoic acid on grower-finisher pig performance (days 0-112) .439
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ADG, average daily gain; AURA, Unextracted Aurantiochytrium limacinum algae containing 17.6 g DHA/100 g. C20:3n6 was significantly higher than the control for those on the 0.5% AURA treatment while no differences were detected for females following treatment. The sexes responded similarly in terms of C20:3n3, with both treatment groups having significantly less than the control pigs. A difference in response to treatment was observed for C24:0, with treatment resulting in a significantly lower amount for both groups of castrated males (8.27 vs. 5.95 and 5.45 mg/100 g for control, 0.25% and 0.5% groups, respectively), while the females responded in a dose-dependent fashion, with a significant decrease observed with increasing AURA supplementation (8.86, 6.10, 4.70 mg/100 g for control, 0.25% and 0.5% respectively). The overall n-3 content of the LL was significantly increased for the 0.5% treated males only, and no differences in the n-6:n-3 ratio were observed for either sex; however, when the whole group (males + females) was considered a significant reduction in the ratio was observed between the control and 0.5% treatment group (7.6:1, 6.0:1 and 5.7:1 for control, 0.25% and 0.5% treatments respectively).
The mean FA levels detected differed significantly between the studies, with 20 and 19 FA levels differing significantly for male and female pigs respectively (Table 6 ). Despite the differences between the studies, the low number of study × treatment interactions indicated that the animals responded similarly to treatment in both studies. A significant study × treatment interaction was observed for C20:0 in the castrated male pigs, with no difference observed between the three groups in Study 1, while in Study 2, the 0.5% supplemented group had a significantly higher C20:0 content than the control group (7.5 vs. 5.2 mg/100 g). A significant study × treatment interaction was also observed for EPA in the female pigs. The control groups from both studies had a similar EPA content, followed by both 0.25% supplemented groups having significantly more than the control group but similar levels to each other. Finally, the 0.5 supplemented groups were significantly higher than all other treatments; however, the study 1 group was enriched to a higher degree than the study 2 group (4.0 vs. 3.4 mg/100 g).
| Backfat fatty acid profile
The FA profile of backfat was not separately analysed by sex as only one fatty acid (C18:3n-6) was found to differ between castrated male and female pigs. The fatty acid profile of the backfat is shown in Table 7 . Treatment resulted in a dose-dependent increase in the level of DHA detected in the backfat (59.58, 203.96, 304 .50 mg DHA/100 g for control, 0.25% and 0.5% groups respectively). In contrast to the LL findings, no differences in backfat EPA content were detected following treatment. Treatment resulted in a reduction in the levels of C24:0 and C20:3n3 in a dose-dependent manner ( Table 7 ). The 0.5% group had significantly lower C10:0 and C20:3n6 levels than the control groups. While supplementation resulted in a similar reduction in the levels of C18:1 trans, C18:3n6 and C22:1n9 for the 0.25% and 0.5% supplemented groups when compared to the control. The overall n-3 content of the backfat was found to increase in a dose-dependent manner, and a significant TA B L E 5 Effect of microalgae supplement rich in docosahexaenoic acid on carcass traits of finisher pigs following 121-day supplementation AURA, Unextracted Aurantiochytrium limacinum algae containing 17.6 g DHA/100 g; LL, longissimus lumborum.
reduction in the n-6:n-3 ratio was observed for the 0.5% supplemented group.
A significant study × treatment interaction was observed for a number of fatty acids detected in the backfat. The levels of C14:0 detected were similar for each group within study but differed significantly between the studies. For both C20:2 and C22:1n9, no differences between the groups were observed in Study 2, while the control group had higher levels than both treatment groups in Study 1. DHA levels were similar for the control groups in both studies while the 0.25% group was enriched to a higher degree in study 2 than in study 1. The DHA level detected for the 0.5% group was similar in both studies and significantly higher than all other groups. When compared to the results of Sardi et al. (2006) , the muscle tissue in the current study was enriched to a lower degree, while the fat tissue was enriched to a higher degree. When supplementing linseed oil to pigs with an initial weight of 26 kg, Fontanillas, Barroeta, Baucells, and Guardiola (1998) , achieved a higher level of n-3 FA enrichment in backfat than was reported by Romans, Duane, Johnson, Libal, and Costello (1995) who fed linseeds to pigs with an initial weight of 114 kg. Fontanillas et al. (1998) In the current study, a significant increase in the EPA content of LL was detected (2.8 and 3.7 mg/100 g for the 0.25% and 0.5% treatments respectively). Increases in EPA content following dietary supplementation with Schizochytrium have also been reported in raw bacon, (Meadus et al., 2010) dry cured ham, (Vossen et al., 2017) and longissimus thoracis (Meadus et al., 2011; Vossen et al., 2017) .
| D ISCUSS I ON
Considering the low levels of EPA generally present in DHA-rich algae, these significant increases in pork EPA content have been at- The n-6:n-3 ratio was significantly reduced in backfat samples in a dose-dependent manner, while the 0.5% treatment for the LL TA B L E 6 Fatty acid composition (mg/100 g tissue) of Longissimus lumborum of finisher pigs after 121 days fed a control diet or the control diet supplemented with a docosahexaenoic acid-rich microalgae (AURA) at two inclusion levels, 0.25% and 0.5% 
TA B L E 6 (Continued)
TA B L E 7 Fatty acid composition (mg/100 g tissue) of the backfat of finisher pigs after 121 days fed a control diet or the control diet supplemented with a docosahexaenoic acid-rich microalgae (AURA) at two inclusion levels, 0.25% and 0.5% had a significantly lower ratio than the control group. Reducing the n-6:n-3 ratio of human diets has been associated with improving the outcomes of a number of diseases (Simopoulos, 2004) . With an increased DHA content and a reduced n-6:n-3 ratio, the backfat from supplemented pigs could represent a raw material with greater nutritional value that could be used in the production of processed meat products.
In general, the phospholipid fatty acid composition of muscle is not thought to differ significantly between gilts and barrows (Raes et al., 2004 ). In the current study, some between-sex differences in the fatty acid composition of muscle were noted. Supplemented female pigs had significantly lower C18:3n6 levels than the control group, while the castrated male pigs did not differ. In contrast, C20:3n6 levels increased in the LL of male pigs receiving the 0.5% AURA treatment with no differences observed for females.
Supplementation at 0.5% also resulted in a higher level of enrichment for the castrated male pigs when compared to the females (28 vs. 24 mg DHA/100 g, p = .035). Whole-body fatty acid profiles of pigs are known to vary with pig genotype and during growth (Barea, Isabel, Nieto, López-Bote, & Aguilera, 2012) . In humans and mice, sex hormones are thought to play a role in the metabolism of n-3 PUFA (Childs, Romeu-Nadal, Burdge, & Calder, 2008) which could explain some of the differences observed following treatment in the current study. A variety of factors may be involved in the metabolism and incorporation of fatty acids into tissues, and as such additional research is needed to explore these differences in algae supplemented animals.
Supplementing the diet of growing-finishing female and castrated male pigs for 112 consecutive days with DHA-rich heterotrophic microalgae succeeded in enriching pork loin (LL) and backfat with DHA and/or EPA with no adverse effects on animal performance or carcass traits. Additionally, in pork loin, the C18:3n-6 concentration was significantly reduced, whereas concentrations of total n-3 were increased and the n-6/n-3 ratio decreased. In backfat, total n-3 fatty acids were significantly increased while C18:3n-6, total n-6 and the n-6/n-3 ratio were significantly decreased. These findings support the feasibility of producing DHA-enriched pork by feeding a microalgae supplement to pigs with the goal of helping to close the n-3 nutrition gap and improving public health.
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